Observations made with the Coronal Diagnostic Spectrometer (CDS) onboard the Solar and Heliospheric Observatory (SOHO) are used to investigate the behaviour of the intensities of the emission lines of He I, He II and O III at the quiet Sun-centre and at θ = 60
I N T RO D U C T I O N
Since the analyses of early spectroheliograms by Brueckner & Bartoe (1974) , it has been clear that the intensities of the farultraviolet lines of helium do not have the same spatial variation as other lines formed in the solar transition region. Jordan (1975) showed that in spatially averaged observations of the quiet Sun, the resonance lines of He I and He II were stronger than predicted by the mean emission measure distribution derived from the other transition region lines, by factors of 15 and 6-8, respectively. Jordan (1975, 1980) pointed out that because the excitation energy W [that appears in the excitation rate through the term exp(−W /kT e )] is unusually large for the helium lines, their intensities are unusually sensitive to the temperature at which they are excited. Jordan proposed that dynamical processes, which mix helium atoms and ions with electrons of higher temperature (or energy), could selectively enhance the helium resonance line intensities. The longer than average ionization times of He I and He II would also aid such processes. More recent estimates of the enhancement factors are given in E-mail: cj@thphys.ox.ac.uk (CJ); g.smith2@physics.ox.ac.uk (GRS); eric houdebine@yahoo.fr (ERH) , who take into account the effects of radiative transfer and limb brightening using mean quiet Sun models.
Subsequent work on the formation of the helium lines and possible enhancement processes, prior to the launch of the Solar and Heliospheric Observatory (SOHO) has been summarized by Hammer (1997) and Macpherson & Jordan (1999, hereafter Paper I) . Below, we refer to more recent work.
In Paper I, we used observations made with the Coronal Diagnostic Spectrometer (CDS) on SOHO, to derive mean enhancement factors separately for supergranulation cell boundaries and cell interiors. The mean enhancement in the cell interiors was found to be about a factor of 2 larger than in the cell boundaries and it was suggested that this behaviour might be due to the scattering of photons from the boundaries into the cell interiors.
The enhancement mechanisms considered so far can be classed into three main types. The predictions of some of these are discussed further in later sections of this paper. The first process relies on the presence of turbulent motions, which can carry the helium atoms and ions through the steep temperature gradients in the transition region (Jordan 1980) . Because of the relatively long ionization times of helium, excitation can take place at higher electron temperatures than under static conditions. Andretta et al. (2000) gave a more detailed treatment of this process in He II by allowing for a distribution of non-thermal velocities and found that the process appears plausible.
In particular, they suggest that, under certain constraints, this process could account for the larger apparent enhancement in the cell interiors. Smith (2000) and Smith & Jordan (2002) have considered the effects on both He I and He II, again adopting a distribution of velocities but working in terms of the initial life times of the He I and He II ground states. They found that several aspects of the observations of cell boundary regions are similar to those predicted by the theory.
The second class of theory involves the presence of non-thermal electrons in the transition region (Jordan 1980) . The effects of coronal electrons on the line emission of He I and He II, taking into account the radiative transfer, have been explored most recently by Smith (2003, who discusses earlier work) . He finds that the process is less successful in accounting for the observed helium spectrum than are the effects of turbulent motions; processes of this type will not be discussed further here.
The third type of process involves the effects of diffusion and mass flows on hydrogen and helium using models based on energy balance. These have been investigated most recently by Fontenla, Avrett & Loeser (2002) in an extension of their work in a series of earlier papers. Although clear effects on the hydrogen and helium spectrum were found, transition region lines from other elements were not considered. have made some calculations for such lines, including flows, and reported encouraging results. Hansteen, Leer & Holzer (1994) have also investigated the effects of diffusion on the helium abundance relative to that of hydrogen and show that diffusion could result in an increased helium abundance in the corona in open field regions. They point out that the diffusion mechanism they discuss could also lead to a build-up of the helium abundance in closed loop structures. More recently, and have proposed that diffusion of He I across magnetic field lines could lead to enhancements that depend on the magnetic field geometry; for example, a predominantly horizontal field and a larger cross-field temperature gradient in cell interior regions could in principle lead to a larger enhancement compared with cell boundary regions.
The main aim of the present paper is to investigate whether or not photon scattering plays a significant role in determining the observed behaviour of intensity ratios involving the helium and oxygen lines. To do so, we make comparisons between observations at Sun-centre and at an angle of θ = 60
• towards the equatorial limb (solar-X +848 , solar-Y 0 ). Scans in solar-X over a limited range of solar-Y are used to investigate the behaviour of these lines across supergranulation cell boundaries and interiors. Studies of the limb-to-disc behaviour of the helium lines were made using the US Naval Research Laboratory (NRL) spectrograph on Skylab , including a separate treatment of cell boundaries and interiors , but giving spatially averaged results. Peter (1999) used the Solar Ultraviolet Measurements of Emitted Radiation (SUMER) instrument on SOHO to study the properties of the He I 584.3-Å line over the whole Sun. We make comparisons with the results of these earlier studies.
The observations and data reduction are described in Section 2. Sections 3 and 5 present the various line intensity ratios and their dependence on the O III intensity in the individual sets of observations used, at both Sun-centre and θ = 60
• . The ratios in the combined regions are compared with previous work in Section 4. The variations of intensity ratios in scans in solar-X are described in Section 6. The interpretation of the variation of line intensity ratios in the context of photon scattering and other relevant observations are discussed in Sections 7 and 8. Our main conclusions are summarized in Section 9. 
O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations
The observations were obtained with the Normal Incidence Spectrometers (NIS 1 and 2) of the CDS on SOHO. The CDS instruments and SOHO have been described by Harrison et al. (1995) and Domingo, Fleck & Poland (1995) , respectively. Our Joint Observing Programme 62 (JOP 62) included sets of observations made at Sun-centre and at large equatorial longitudes, with the intention of studying centre-to-limb effects. We have also searched the archival data base for sets of observations that include the lines of helium. All the observations of the quiet Sun selected make use of JOP 62 and its developments (see Paper I), because our observing sequence also includes the He I 537.0-Å line. Table 1 gives the data sets that were used and the location of the centre of each raster. Within these rasters, we have chosen regions with a small extent in solar-Y that contain cell boundaries that have a north-south orientation, in order to investigate possible effects of scattering from cell boundaries into cell interiors. We have used images in the Mg X 625-Å line to avoid obvious active regions, but some small bright features in the boundaries are associated with localized Mg X emission and could be small loop structures. All data points within these regions were measured and east-west scans were also made with the intensities integrated over the small range of solar-Y. The ranges in solar-Y used are given in Table 1 . The intensities over the whole of s7700r01 (solar-X = 848 ) have also been measured.
The CDS NIS 2 instrument covers the wavelength range of 513-633 Å. Here, we study the lines of He I (537.0 and 584.3 Å), the He II 303.8-Å line (in second order at 607.6 Å) and the O III 599.6-Å line, because the latter is the 'normal' transition region line with an optimum temperature of formation (1.1 × 10 5 K) that is closest to that of the helium lines.
Data reduction
The CDS data were reduced with the CDS analysis software available from the SOLARSOFT package. This provides tools for reducing and analysing the CDS FITS files. All the standard reduction procedures were carried out. In each region, a local mean background was subtracted; this will introduce some uncertainty in the lowest intensities.
As pointed out in Jordan, Macpherson & Smith (2001, hereafter Paper II) , even when the de-slant procedure has been carried out, there can remain a spatial offset of around ± 1 pixel between the He I 537-Å and 584-Å lines. There are no obvious offsets in the data used, but one should be aware of this additional source of scatter in intensity ratios involving the He I 537-Å line. The other lines are too close in wavelength for the errors in the de-slant procedure to be significant. We adopt the current calibration (version 4) in the CDS software. Comparisons between this calibration and earlier versions are given by Lang et al. (2002) . In Papers I and II, we used the calibration proposed by Landi et al. (1997) . In particular, the current secondorder correction for the He II 304-Å line is a factor of 25.8, smaller than the factor of 55 proposed by Landi et al. (1997) . Lang et al. (2002) give the uncertainties for the relative calibration of the NIS 2 instrument as 18 per cent at 584 Å and up to 29 per cent at the ends of the wavelength range covered. The uncertainty in the secondorder correction to the He II 304-Å line is reported to be 12 per cent. Thus, ratios involving the He I 537-Å line have the largest calibration uncertainty. The other lines used are close in wavelength and, for these, the largest source of systematic uncertainty will be the secondorder correction for the He II line. Random errors in the measured intensities are estimated to be less than ±10 per cent. The typical behaviour of the helium lines and normal transition region lines (e.g. lines of O III, O IV and O V) has been described in earlier work (e.g. Gallagher et al. 1998; Paper I; Patsourakos et al. 1999) . Although the supergranulation network is observed in both the helium lines and O III lines, the contrast between the cell boundaries and cell interiors is smaller in the helium lines and the width of typical boundaries is larger in the helium lines. Images of the helium to O III intensity ratios show clearly that these ratios are largest in the cell interiors defined in O III. It is this behaviour that is of interest in the contexts of photon scattering and the helium enhancement process.
T H E H E
Line intensity ratios in individual regions at Sun-centre
The regions selected for the individual scans contain one or more boundary regions and adjacent cell interiors (see Section 2.1). Fig. 1 shows the He I (584 Å)/O III (600 Å) intensity ratio (hereafter R 1 ) as a function of I(O III), on log-log scales, for five individual regions. The lowest plot is on the correct absolute scale, while the others are offset by factors of 10, 10 2 , 10 3 and 10 4 , respectively. The plots are ordered by the gradient of the mean log-log fit (except for s9541r00 where two separate fits have been made) and from top to bottom correspond to s7717r00, s9541r00, s9532r00, s9562r00 and s9528r00. In this figure (and all that follow), the gradient is found using a least-squares fit to the data points. It is clear that although the ratios decrease as I(O III) increases, the gradients are not the same in all the regions. The fit parameters and their uncertainties are given in Table 2 . The gradients vary between −0.41(± 0.02) and −0.73(± 0.03).
Although we have chosen regions where a whole boundary is crossed by the scans in solar-X, there are also some partial boundaries included at the edges of the scans. Similarly, although cell interiors were included, it is possible that fainter regions of some cell interiors were not included in the scans. Nevertheless, no cases were found where the ratios obviously decrease at the lowest O III intensities.
The overall trend for R 1 to decrease as I(O III) increases was first noted by Macpherson, Jordan & Smith (1999) . They pointed out that if the helium lines were completely optically thick and hence spatially uniform, but the O III lines were optically thin, then a gradient of −1 would be expected in a log-log plot of the above quantities. A constant ratio would be expected if the helium and O III lines were optically thin and hence had the same spatial distribution. To obtain an intermediate constant gradient, the functions describing the variation of intensity with x (the horizontal distance from a cell boundary) must have a form such that when combining with
the gradient g does not depend on x. For example, with the O III and He I intensity variations described by exp − (x/ x 1 ) and exp − (x/ x 2 ), respectively, where x 1 and x 2 are the decay constants, the gradient is given by ( x 1 / x 2 ) − 1.
The local, intrinsic optical depths are not expected to be constant from the cell boundaries to the cell interiors. The mean ratio of the maximum and minimum O III line intensities is a factor of 13. Because I ∝ N 2 e dl, (where N e is the electron density and dl is the path-length) and the optical depth, τ , is ∝ N e dl, using the same value of the electron density N e gives values of dl and τ that are a factor of 13 smaller in the cell interiors than in the boundaries. If N e is larger in the cell interiors (as found in Paper I), then for the fixed range of I(O III), the above scalings lead to a value of τ in the cell interiors, which would be less than that in the boundaries by more than a factor of 13. With a variation in τ greater or equal to a factor of 13, one would not expect a constant gradient in a scan across a boundary and cell interior unless all the opacities were either very large (g = −1) or very small (g = 0). Neither limit is consistent with the observed constant mean gradients shown in Fig. 1 .
Photon scattering from the boundaries into the cell interiors could in principle lead to the observed behaviour. Alternatively (or in addition), the helium enhancement factor (EF) would have to behave in a smooth and systematic manner between the cell boundaries and interiors, but in a different manner in the different regions.
The region in s9541r00 (second from top) has two branches that represent the behaviour before (lower branch) and after (upper branch) the peak O III intensity is reached in the scan of a bright region from lower to higher values of solar-X. This implies either that the EF or the He I line opacity differs from one side of the boundary to the other. Note that, in Table 2 , log I (O III) max = 1.84 refers to the range of applicability of the fit. The maximum value in the boundary is 2.36.
In s7717r00, where the gradient is largest, there are adjacent peaks of moderate intensity with no very low values of I(O III) between them. In the region where the gradient is lowest (s9528r00), there is one fairly isolated bright region with deeper and more extensive cell interiors. If the number of He I photons produced is related to the maximum O III intensity, then in s7717r00 there would be fewer photons available to be scattered, but the weak regions in O III are nearby and could be 'filled in' by scattered He I photons, leading to a large gradient. In s9528r00, there would be more photons available to reach the more distant minima in O III. Although the actual values of the observed gradients are difficult to interpret without detailed modelling and radiative transfer calculations, the different gradients could in principle be caused by the details of the photon scattering. We return to this point in Section 7.2.
In the cross-field diffusion model proposed by and , there could be characteristic enhancement factors that vary from the middle of cell interior regions to the central parts of cell boundaries. In this case, for similar cell interior electron densities, one might expect larger values of R 1 when the minimum I(O III) is smallest and hence dT /dl is largest. This is not supported by the observations, but we do not know the values of N e . However, the remarkably systematic and smooth behaviour of R 1 with I(O III) requires explanation. Without photon scattering, it is hard to see how the enhancement in a given cell interior can be related to, or influenced by, the enhancements in the nearby cell boundaries, in order to give a unique local gradient of log R 1 versus log I (O III). Fig. 2 shows the equivalent plots for the He II/O III intensity ratio (hereafter R 2 ). The properties of the mean fits are given in Table  2 . These plots show the same type of behaviour as R 1 , except that the scatter in the intensity ratios at a given I(O III) is smaller than for the He I/O III intensity ratios. In a given region, the gradients of the plots for He II are usually slightly lower than for He I. In half of the regions, these differences are just significant. A trend in this direction is expected as all recent calculations show that τ is larger in the He I line than in the He II line. For example, in the plane parallel calculations by Smith (2003) , who uses two different models, τ is between 10 and 100 for He I 584 Å, and is between 1 and 10 for He II. Taking into account angular effects to simulate a spherically symmetric model and using a model atmosphere based on a different emission measure distribution, find larger but more similar optical depths in these lines (500 and 200, respectively).
Line intensity ratios in regions at solar-X 848 , solar-Y 0
Figs 3 and 4 show the results for the regions scanned in the rasters centred around solar-X 848 , solar-Y 0 (θ = 60
• ). The properties of the mean fits are given in Table 3 . Within the individual regions, there is a larger range of ratios at a given value of I(O III) than at Sun-centre and this range is larger in the He I line than in the He II line. Where two branches appear, the upper branch corresponds to the region before the peak in I(O III) (smaller solar-X), while the lower branch corresponds to the region after the peak (larger solar-X). Even when there is not a clear separation into two branches, the ratios before a peak O III intensity tend to be larger than after a peak O III intensity. It is difficult to understand how this trend could be caused by an EF alone. The differences between the gradients for R 1 and R 2 tend to be larger than at Sun-centre, but because the uncertainties are larger at θ = 60
• , only three of these differences are formally significant. The difference in the spread of the ratios at Sun-centre and θ = 60
• is difficult to account for with any enhancement process, and we think that it is more likely to be due to differences in the line-ofsight opacities between Sun-centre and θ = 60
• and the geometry of subsequent photon scattering.
R E S U LT S F O R C O M B I N E D R E G I O N S
In order to make comparisons with previous work, we now discuss the behaviour of R 1 and R 2 when all the data from the individual regions at a given longitude are combined. 
The He I/O III intensity ratio
At θ = 60 • , the mean gradient is (just) significantly larger (more negative) than at Sun-centre and the mean ratios at the same (2) and (3), the mean values of R 1 are significantly smaller at θ = 60 • . A more negative gradient and smaller ratios could indicate higher mean opacities in the He I line at θ = 60
• . The total spread in the ratios at a given I(O III) is about a factor of 2.5 at Sun-centre and 3.2 at 60
• . The total range of intensity ratios can be compared with the predictions of the enhancement process that involves 'turbulent' motions (see Section 1). The largest ratios (in cell interiors) are about a factor of 10 larger than the lowest ratios (in cell boundaries). Under optically thin conditions, the upper limit to the enhancement is a factor of 40 (using a single upwards turbulent velocity), or up to a factor of 19 when an isotropic distribution of velocities is used (Smith & Jordan 2002) . If the largest intensity ratio observed is associated with the maximum enhancement, there is no difficulty in principle in accounting for the range of ratios observed. However, as stressed earlier, it is difficult to understand how the larger spread in the ratios at θ = 60
• can be caused by an enhancement process alone.
The He II/O III intensity ratio
Figs 7 and 8 show the ratios of the intensities of the He II and O III lines, as a function of I(O III), for the same regions as used in Figs 5 and 6. As in the individual scans, the spread in the ratios is slightly lower than that in the ratios involving He I and the spread is larger at θ = 60
• than at Sun-centre. The mean fit at Sun-centre is given by log R 2 = 2.76(±0, 02) − 0.51(±0.01) log I (O III) (4) and that at 60
• is given by
Although the mean gradient is (as for He I) steeper at 60 • , the difference is not formally significant. For the same value of I(O III), equations (4) and (5) give ratios that are not significantly different, but allowing for limb brightening in O III results in significantly smaller mean ratios at θ = 60
• .
The Sun-centre gradient is slightly smaller than the value of −0.59 found from fig. 4 of , which was for a single scan, but is the same as that found from a study of 17 full rasters by Andretta et al. (2000) .
The observed ratios cover a range of a factor of 8. In the turbulent velocity model, an enhancement of up to a factor of 15 is possible (using a single upwards velocity), or a factor of 7, when an isotropic distribution of velocities is used (Smith & Jordan 2002 ; see also Andretta et al. 2000) . Given the dependence of these factors on the models adopted, the results cannot be used to exclude this process. Andretta et al. (2000) proposed that a gradient of −0.4 to −0.5 would be expected from the turbulent velocity model (under optically thin conditions) if the product v nt P e were constant, where v nt is the turbulent velocity and P e is the electron pressure. Our results for the scans of individual regions shown in Figs 1 to 4 show clearly that the gradients cover a wide range of values, even though the mean gradients are close to −0.5. This shows the effects of averaging over a number of regions; if the gradient can take values between 0 and −1, the mean gradient will tend to average out to −0.5.
It is not yet clear whether or not v nt P e is constant. The velocities are complex (see Peter 2000a,b) ; line profiles, e.g. of C IV, in the boundaries show both a core component and a broader component, but those in cell interiors show only a single component. While the core component in the boundaries has a smaller median width (by a factor of 1.1) than the single component in the cell interiors, the width of the broad component in the boundaries is larger than the cell interior width by a factor of 2.3. Although the mean values of P e are about a factor of 2 larger in the cell interiors than in the boundaries (see Paper I), there are no secure measurements of P e in the two separate velocity components in the boundaries. Fig. 9 shows the He II/He I 584 Å intensity ratios (R 3 ) in all the individual regions scanned. Points at Sun-centre are shown in red and those at θ = 60
OT H E R L I N E R AT I O S
The He II/He I 584 Å intensity ratio
• in blue. The behaviour of this ratio in the individual scans at Sun-centre is broadly similar, but the scatter within these is less than when all the regions are combined. At θ = 60
• , the scatter in the individual scans and in the combined scans is larger than at Sun-centre. Although there is some overlap between the two distributions, it is clear from the mean fits shown in Fig. 9 that the ratios tend to be higher at θ = 60
• . At log I (O III) = 1.7, the mean values at Sun-centre and solar-X = 848 are log R 3 = 0.74 and 0.81, respectively. In both cases, the mean ratios increase very slightly with I(O III). Because there is no reason for the relative enhancement factors of the two lines to depend on the solar longitude, this small systematic difference must be due to relative opacity effects. (See also Section 7.)
Our results can be compared with those found by others. The absolute values of R 3 differ by a factor of 2.3 from those found by Mango et al. (1978) , but this difference depends on the instrumental calibrations. The difference between the ratios at θ = 60
• and Suncentre is the same as that found by Mango et al. (1978) to within 6 per cent. The trend in R 3 at θ = 60
• , between cell interior and cell boundary intensities is also similar to that found by Glackin et al. (1978) . • . The mean fits are also shown, but the ratios are constant to within the uncertainties. As in the case of R 3 , at log I (O III) = 1.7, the mean ratio is slightly larger at θ = 60
The He
• (log R 4 = − 0.99) than at Sun-centre (log R 4 = −1.06).
Hearn (1969) used probability of escape arguments in simple uniform slabs and found that, for values of τ in the He I 584-Å line between 3 and 3000, this ratio decreases as τ increases. In only one scan at Sun-centre (s9528r00) is there any suggestion of a ratio that decreases with increasing I(O III). However, one cannot compare the ratios at different longitudes with the predictions of a plane parallel geometry. Other geometries are discussed in Section 7.
The He I 537 Å/He II intensity ratio
Because of the similarity between Figs 9 and 10, we also examined the ratio of the intensities of the He I 537-Å and He II lines (R 5 ). These are shown in Fig. 11 , as a function of I(O III), for the same regions as used in Figs 9 and 10. The distributions for Sun-centre observations (red points) and those at θ = 60
• (blue points) are very similar, as indicated by the mean fits. At log I (O III) = 1.7, the mean values are virtually the same (log R 5 = −1.80 and −1.81 at Sun-centre and θ = 60
• , respectively) and there is little difference between the spreads at the different longitudes. The similarity in the mean ratios suggests that the opacities in these lines are very similar. This is consistent with the calculations of limb brightening by , which give the same or very similar limb-brightening factors for these lines. Using a mean quiet Sun model, they find τ = 200 in the He II line at Sun-centre, which would give would give τ = 200 for the He I 537-Å line. However, the network models of Smith (2003) give τ (584 Å)/τ (537 Å) = 4.1, which is the ratio of the absorption oscillator strengths, expected in the regime where both lines are effectively thin (see Andretta & Jones 1997 ). Smith's (2003) ratio would imply that τ (584 Å)/ τ (304 Å) = 4.1, larger than the value of 2.5 found by . (See also Section 7.)
Comparisons with calculated ratios at Sun-centre
The ratios shown in Figs 9 to 11 can be compared with those predicted by radiative transfer calculations in the literature. These are summarized in Table 4 , from which it can be seen that quite different quiet Sun models lead to broadly similar values of R 3 , R 4 and R 5 . The best overall fit is given by the VAL-C mean quiet Sun model (Vernazza, Avrett & Loeser 1981) , but this includes a plateau to account for the lines of hydrogen, at a temperature that overlaps those where the He I lines are formed. The models by should be better than those of Smith (2003) because they take account of limb brightening, but their ratios for R 3 are also too large.
All the models except the VAL-C (no plateau) model of Andretta & Jones (1997) and the Network-S model of Smith (2003) give reasonably good values for R 4 , but including the maximum enhancement factors given in Smith & Jordan (2002) makes the disagreement worse. Andretta & Jones (1997) found that an almost constant value of R 4 (as is observed) is expected only when the He I 584-Å and 537-Å lines are effectively optically thin and thus have constant relative opacities. The values of R 5 show the opposite effects to R 3 , being too small in the Network-X model of Smith (2003) and in the models by . Even when the line ratios from different models are in reasonable agreement with each other, the models produce different absolute intensities at Sun-centre; this is not pursued here.
In addition to our mean observed ratios, at log I (O III) = 1.7, we list those from Vernazza & Reeves (1978) , which were adopted by . As we have discussed in Paper I, the value of R 4 found from Vernazza & Reeves is too large, owing to the presence of blends with the He I 537-Å line at the lower spectral resolution of the Harvard Skylab instrument. Vernazza & Reeves (1978) point out that the He II line occurs in a wavelength region where the calibration of the Harvard instrument was uncertain by up to a factor of 2. Thus, we think that the observed intensity ratios measured with the CDS instrument are to be preferred.
SPAT I A L B E H AV I O U R O F I N T E N S I T I E S I N I N D I V I D UA L S T RU C T U R E S
In addition to using the individual points shown in Figs 1 to 11, we have scanned the different regions in solar-X, summing over the small extents in solar-Y given in Table 1 . This introduces some spatial averaging, but is useful in examining the variation of the different line intensities as a function of distance from a given local peak in O III. If photon scattering plays no part in the high ratios observed in cell interiors, one would expect to observe the same type of spatial behaviour at both Sun-centre and θ = 60
• , when the foreshortening at θ = 60
• is taken into account. At Sun-centre, the helium emission from the boundaries peaks at the same location as the O III emission, or within 1 pixel of this. (Although we tried to choose regions including only one N-S structure, adding over the extent in solar-Y inevitably includes a range of material.) At θ = 60
• , the maximum in the He II emission is sometimes offset to the left (smaller solar-X and θ ), so the He II/O III intensity ratios are larger on the left than on the right of a structure. In the extreme cases of s7720r01(a and b), this leads to the two clear branches apparent in Figs 3 and 4 .
The maximum widths of the boundaries near Sun-centre (centred on solar-X = 125 , solar-Y = 125 ) in the He I 584-Å and O III 525-Å lines have been measured by Patsourakos et al. (1999) to be 12 and 9.5 arcsec, respectively. They analysed a large raster using an autocorrelation technique. Somewhat larger extents for transition region lines were found by Gallagher et al. (1998) , but Gontikakis, Peter & Dara (2003) found boundary widths for He II and C IV that are compatible with our values. Using simply the FWHM intensity of the structures we observe, the mean width in the O III line at Sun-centre (measured above the cell interior intensity) is 4.8 arcsec. In the He II line, the mean width is clearly larger; in some cases, the intensity does not become as low as one half of the peak value. The mean width exceeds 6.6 arcsec. The difference between the widths of the He II and O III structures could have several causes; the enhancement process could increase with distance from the boundaries, or photon scattering could be occurring off structures that spread out from the boundaries as in the type of model proposed by Gabriel (1976) .
At θ = 60 • , the apparent widths are larger for both lines. The mean FWHM for the O III line is 7.2 arcsec and that for the He II line exceeds 12 arcsec. We attribute the increase in the width of the O III line to projection effects. The emitting material must be coming from regions that extend beyond any spherically symmetric component. If the boundaries were simply bright patches in a spherically symmetric layer, then their projected widths would be smaller by a factor of 2 at θ = 60
• . Using a single extended structure to represent the emitting region, the ratio of the apparent width of the O III emission at θ = 60
• to that at Sun-centre leads to a mean height of 4100 km above the cell interiors. Extended structures have also been observed through apparent offsets in emission at high latitudes from lines formed at different temperatures (Cook & Brueckner 1991; Sarro, Montesinos & Jordan 1996) ; mean heights of around 4500 km were found, above that where lines of Si I are formed. These results are not surprising, because it is known that spicules occur in the boundary regions. Although the thickness of the transition region derived from emission measure analyses is small (on average, less than a few hundred kilometers in the boundaries), the transition region could occur at a distribution of heights (or exist around cooler material). If the boundary structures are extended in height, this would aid the process of scattering into the (on average) lower cell interiors. Indeed, this was the picture that we had in mind when we first proposed scattering effects as the cause of the larger apparent enhancements in cell interiors (Macpherson & Jordan 1997) .
We note that, on the basis of the helium lines alone, Glackin et al. (1978) found that the percentage area occupied by the cell boundaries decreased at large values of θ and hence came to the opposite conclusion, that the mean height of the cell interiors was larger than that of the boundaries. The rasters that we use and the behaviour of the O III line do not appear to support their conclusion.
P H OTO N S C AT T E R I N G
Comparisons with trends expected from a spherically symmetric layer
With a uniform and thin spherically symmetric layer, one would expect the intensity of the optically thin O III line to increase systematically with θ as the line-of-sight path-length increases and the potentially optically thick helium lines to increase by smaller factors. This is because the photons in optically thick (but effectively thin) lines will escape preferentially in the direction of the smallest optical depth: the radial direction (see Jordan 1967 and references therein; .
At Sun-centre, the lowest O III intensities by definition occur in cell interiors and the lowest intensities at θ = 60
• are indeed larger (compare Figs 5 and 6, or 7 and 8). However, the limb-to-disc behaviour at large O III intensities is not well described by limb brightening in a spherically symmetric layer. The largest values of I (O III) are smaller at θ = 60
• , whereas they should be a factor of 2 larger. For example, compare the number of points at log I (O III) 1.8 at Sun-centre with those above 2.1 at θ = 60
• . Although the sample of data points is small, there is no obvious selection effect in the level of activity in the regions scanned. There are only two regions in the observations at both Sun-centre and at θ = 60
• that have localized Mg X 625-Å line emission. Also, even in the full scan at θ = 60
• (s7700r01) that contains a bright network feature with a strong patch of Mg X emission, only a few points have O III intensities that exceed log I = 2.2. The O III line terminates on the excited 1 D level of the ground configuration and is estimated to be optically thin at both longitudes studied.
We have also considered absorption by the H Lyman continuum, as first proposed by Withbroe (1970) , as a source of the lower maximum O III intensities. Burton et al. (1973) used limb and disc intensities of lines from a given ion at wavelengths above and below the H Lyman limit to evaluate this absorption. At 630 Å, the absorption at the limb amounted to a factor of 1.7. Our observations were made around 128 arcsec inside the limb, where the path-lengths should be considerably smaller. Thus, it seems unlikely that this absorption is significant.
Together, these results suggest that spherical symmetry could be approximately appropriate for cell interiors, but is not a good approximation for cell boundaries. As discussed above, the boundaries include spicules that follow magnetic field lines, which spread out from the boundaries, while cell interior regions are thought to contain more horizontal magnetic fields plus some small bipolar structures.
Such inhomogeneous structure makes it very difficult to predict the centre-to-limb behaviour expected in both optically thick and thin lines. To test the spherically symmetric model further we have compared the observations with radiative transfer calculations by that use the angular distribution of photons escaping from a plane parallel layer to predict the centre-to-limb behaviour and disc-centre intensities of lines with non-zero optical depth. We have assumed their adopted form for limb brightening,
where I 0 is the intensity at Sun-centre and µ = cos θ. We have applied this to the ratio of the helium and O III intensities, assuming that the latter line is optically thin (α = −1). We have found the average values of I(He I 584 Å)/I(O III) and I(He II)/I(O III) at Suncentre at values of log I (O III) = 1.2, 1.5 and 1.8, and have compared these with the ratios at θ = 60
• for log I (O III) = 1.5, 1.8 and 2.1, assuming the standard limb brightening in the O III line. We refer to the ratios at 60
• (R 60 ) to those at Sun-centre (R 0 ) as R 60/0 . From equation (6) it can be seen that, to obtain physically acceptable results, α must lie between 0 (He I or He II optically thick) and −1.0 (all lines optically thin). The corresponding limits on R 60/0 are 0.50 and 1.0.
Applying equations (2) to (5), the resulting values of α for cell interior intensities (1.2 at Sun-centre) are close to those found by , although they used a mean quiet Sun model (note that this comparison also depends on any differences between the absolute intensities at Sun-centre that result from instrumental calibrations). For He I 584 Å, we find α = −0.10; while for He II, we find α = −0.31. found values of −0.12 to −0.15 and −0.30 to −0.38, respectively, for two different emission measure distributions. However, at cell boundary intensities (1.8 at Sun-centre, 2.1 at θ = 60
• ), R 60/0 for He I gives the unphysical positive value of α = +0.08. For both He I and He II, the deduced values of α increase with I(O III), but for He II they are all physically possible. Because the limb-disc ratios are quite sensitive to α, we have also used the observed ratios to find the values of I(O III) that would reproduce the values of α found by . For He I, these are log I (O III) = 1.12 to 1.01; for He II, these are log I (O III) = 1.22 to 0.57. These are all smaller than our observed mean quiet Sun intensities. In a spherically symmetric layer, there can, of course, be only one mean value of I(O III) and only one mean value of R 60/0 . What we have shown is that, using absolute intensities from the CDS, the values that correspond to cell interiors come closest to satisfying this description.
The observed spreads in the values of R 60 and R 0 are real. We now consider the consequences if this spread represents the range of the values of EF at a given I(O III). If so and if a spherically symmetric layer is appropriate, one would expect the maximum and minimum ratios to also satisfy the constraints on α. For both He I and He II, combining the maximum ratios does give acceptable values of α, but combining the minimum values for He I leads to α > 0. For He II, this combination leads to values of α that are just acceptable.
We have made similar calculations for all the individual regions at θ = 60
• , using the mean values at Sun-centre for the same values of I(O III) adopted earlier. In He I, the lower branch of s7720r01(b) and the lower part of s7720r01(a) give unphysically large values of α, as do s7719r01 and s7699r01 at some values of I(O III). Otherwise, using the combinations of the maximum and minimum values leads to the same trends as are found when applying the mean values of R 60/0 .
The directions of the differences between θ = 60 • and Sun-centre in the other line ratios, shown in Figs 9 to 11, are as expected in a spherically symmetric layer. The He I 584-Å line photons would escape preferentially in the radial direction at Sun-centre, leading to a smaller fraction of photons escaping in the line of sight at 60
• . Because the He II line has a lower optical depth, this difference is less pronounced, leading to a larger value of the He II/He I intensity ratio at θ = 60
• . The same argument can be applied to the He I 537 Å/ He I 584 Å intensity ratio. The results suggest that the ratios of the line opacities are almost constant, but this argument does presume that the ratios of any enhancement factors are also constant as a function of I(O III).
A geometry including extended structures in the cell boundaries
As discussed in Section 6, the larger widths of the boundaries in O III at θ = 60
• require the presence of extended structures. In this situation, it is possible for the O III lines to be weaker at θ = 60
• than at Sun-centre, as is found at the highest observed intensities. Although the height to width ratio of the mean structure derived in Section 6 is only 1.15, the presence of filamentation will lead to larger ratios, giving some approximation to a long thin cylinder. Until appropriate radiative transfer calculations are carried out, the following arguments can only be qualitative and they depend on the assumption that there is filamentary structure present.
In the He I 584-Å line, which has the largest optical depth, one would expect a smaller fraction of photons created to be emitted from the ends of the structures than from the sides, as the latter will be the direction of lowest opacity. Thus, at Sun-centre, this line will be weaker than expected under optically thin conditions (in the absence of any enhancement process). Photons that reach the sides of the boundaries following multiple scattering will be emitted in a variety of directions and some could be scattered off the cell interior transition region, or any other plasma containing sufficient He I atoms. Because the material in the boundaries extends above the cell interiors, it will be surrounded by plasma that is hotter and less dense. The mean free path towards the cell interiors will be much larger than expected from mean models of the boundaries and we estimate that the material above the cell interiors is likely to be optically thin. This is because the fraction of helium in He I decreases rapidly as T e increases above 3 × 10 4 K. (We have made use of the models by Smith 2003.) The He II line will behave in a similar manner, but with smaller optical depth effects. Andretta et al. (2000) estimated a mean free path of less than 1 km using their mean network model, but do acknowledge that multiple scattering will add to this. Provided that the lower density plasma above the cell interiors is hotter than about 3 × 10 5 K, the He II line is also likely to be optically thin over the cell interiors.
The geometry adopted will affect the helium to oxygen line intensity ratios, as stressed by . If the cell interiors are approximately plane parallel layers and the optical depth is significant, the ratios could be up to a factor of 2 larger than in the case of optically thin lines, because more than half the photons could escape outwards in the helium lines, while only half escape outwards in O III. As discussed in Section 3.1, the helium line opacities (in particular that of He II) are expected to be much smaller in the cell interiors than the cell boundaries, so the absolute opacities would need to be quite large for this effect to be operating. have also discussed the further factor of 2 that is gained at Sun-centre in the case of a spherically symmetric layer. However, the cell interiors are interrupted by the boundaries, so this additional factor may not be achieved. In the boundaries, the ratios will be lower owing to scattering out of the line of sight. Thus, a trend for the ratios to be larger in cell interiors than in cell boundaries could in principle be produced. For the individual regions at Sun-centre, the mean values of R 1 cover a range of 3.6 to 6.3 and those of R 2 cover a range of 3.3 to 5.6 (see parameters given in Table 2 ). Because these values include any reductions in the boundaries, it is difficult to exclude the above explanation without full radiative transfer calculations, but the observed ranges of R 1 and R 2 are somewhat larger than expected. Also, the observed systematic increase in R 1 and R 2 with decreasing I(O III) would require explanation. Studies of more extensive rasters than we have used are needed to include larger cell interiors and their surroundings; a dependence of the ratios on the size of the cell interiors could then be investigated. We hope to pursue this in future work.
At θ = 60
• , some photons that are emitted from the ends and from the 'front' sides of the structure will be observed. If photons from all the sides were observable, larger He I/O III and He I/He II intensity ratios would be expected than at Sun-centre (the opposite to what is observed). However, in optically thick lines, photons that are scattered and eventually emitted from the 'back' side of the structures will not be directly observable, thus reducing the expected intensities at θ = 60
• . This reduction will be largest in the He I line, which has the highest opacity, leading to larger values of I(He II)/I(He I) and I(He I 537 Å)/I(He I 584 Å), as observed. Thus, a model with extended structures over the boundaries can produce the same qualitative trends as a spherically symmetric model. This geometry and the optical depth effects also account for the difference in the He/O III intensity ratios before and after a boundary is passed (as in s7720r01 in Figs 3 and 4) , where the ratios are larger on the 'front' side than the 'back' side of the structure.
We now explore the consequences of assuming that the photons observed in cell interior regions originate in the boundaries. We cannot simultaneously include enhancement factors, so we simply assume that any enhancement is occurring at the largest intensities in the boundaries. For brevity, we consider only the He II line. 
where the constants c 1 and g are found from the mean fits. Note that the values of g may differ from those found from all the data points, particularly when more than one peak is present. Secondly, we assume that if the He II line were optically thin its intensity (and hence the number of photons in the line of sight) would have the same variation with x (the distance from the boundary peak) as does the O III line. Then,
where c 2 is a constant for a given region. At a given value of x, the difference between the observed intensity in the He II line and the optically thin value is attributed entirely to photons that are scattered into or out of the line of sight. (This will tend to overestimate such photons if the other radiative transfer effects discussed above are important.) That is,
or
All quantities are known except the constant c 2 . We now assume that over the whole region (from the peak in the boundary to the nearest cell interior) I = 0. Some regions will have lost photons from the line of sight and in total these are balanced by photons gained elsewhere. Thus, c 2 is found by normalizing equation (10). I can then be found from either equation (9) or (10). We now examine the consequences of this simple model. The parameters discussed are given in Defining R(thin/thick) as the He II intensity given by equation (8) at x = 0 divided by the observed intensity at x = 0, g increases (becomes more negative) as R(thin/thick) increases. This is consistent with the opacity increasing as g becomes more negative.
The line intensities and location of the point at which the number of photons scattered into the line of sight is balanced by those scattered out can be found using I = 0 in equation (9) or (10). These locations are (as one would expect from the normalization) on average close to 2.4 arcsec (the mean half width at half-maximum) from the peak intensities.
We now consider the spread at Sun-centre in the ratio R 2 at a given value of I(O III). The mean relation (equation 4) has a particular I(O III) max and gradient. Consider a slightly larger value of R 2 at the given I(O III) max , such as would arise if the opacity in the line of sight were slightly lower. Then with a lower opacity, the value for g would be smaller (less negative) and the values of R 2 at lower values of I(O III) would be smaller than the mean value. Similarly, if the opacity were larger in the boundary, the initial ratio would be smaller but the gradient would be steeper and R 2 at lower values of I(O III) would be larger. Because the lower initial value of R 2 is related to the larger gradient and vice versa, the spread at lower values of I(O III) is naturally restricted and similar deviations about the mean optical depth would result in a symmetric spread. The behaviour of the observed ratios (Figs 1 and 2) would also reflect the number of peaks present and their intensities and optical depths. These effects could also produce the (in general) slightly higher mean gradients observed for the ratio, R 1 , because the He I line has a larger optical depth.
Thus, the above results are consistent with our proposal that opacity and scattering effects are important in determining the form of Figs 1 and 2.
The mean value of c 2 is 62.9, with a spread of only ± 17 per cent. If any trend is present, it is for c 2 to decrease slightly as I(O III) max increases. This value is much larger than that expected from optically thin calculations in the absence of any enhancement factor. With the He II line formed at T e = 8 × 10 4 K and the O III line formed at 1.1 × 10 5 K and relative emission measures that differ by a factor of 1.3 (from Paper I), a ratio of only 7.4 is expected. (Scaling the O III 703-Å multiplet used by to the 599-Å line gives a similar value of 7.3.) There are in principle no difficulties in obtaining the larger ratio of 62.9 in the model where the enhancement factor is caused by turbulent motions. used a time-dependent event in a boundary to look for differences in the behaviour of the He I, O I 1152-Å and C III 977-Å lines, which might show the effects of photon scattering, but no such effects were found in the deeper parts of an adjacent cell interior. Without knowing the geometry and optical depth of the event, it is difficult to predict what would be expected.
OT H E R R E L E VA N T O B S E RVAT I O N S
The time-dependent behaviour of the He I 584-Å line intensity and Doppler shift have also been discussed by . In a cell interior region, they observed oscillations in the Doppler shifts, but not in the intensity. They suggest that this behaviour could be caused by cross-field diffusion of He I. However, if most of the photons observed are not produced locally but originate in cell boundary regions, the cell interior oscillations will not affect the intensity, but will lead to Doppler shifts as photons are scattered off the moving material. This behaviour of the He I line is not shared by other lines studied; these show various degrees of oscillations in both their intensities and Doppler shifts.
Doppler shifts in the He I 584-Å line have also been studied by Peter (1999) and by Peter & Judge (1999) . In the boundary regions at Sun-centre it appears that this line is redshifted by less than other transition region lines and is blueshifted in cell interiors. Unlike other transition region lines, the He I line shows a systematic variation of the shift with intensity (Peter 1999) . Any scattered photons (as well as other radiative transfer effects in moving media) will reflect the systematic flows present, such as those expected from any supergranulation circulation that persists through the chromosphere. suggest that there may be difficulties with the process of enhancement by turbulent velocities, because the more effective upward motions should produce blueshifted emission in the boundaries at Sun-centre, whereas a mean blueshift of only 0.2 (± 1.2) km s −1 was reported by Peter & Judge (1999) . However, other transition region lines are redshifted. The interpretation depends on the origin of the redshifts. One could say that the He I line is blueshifted by 5.5 km s −1 with respect to the other transition region lines. Smith & Jordan (2002) found that quite small velocities (3 to 20 km s −1 ) can be effective in enhancing this line, depending on the models and electron pressures used.
C O N C L U S I O N S
The dependence of the ratios I(He I 584 Å)/I(O III) and I(He II)/ I(O III) on I(O III) in different studies are similar when observations of a significant number of regions are combined. We have shown for the first time that the gradients of the observed relations in individual boundary to cell interior scans can differ significantly from these means. These gradients are determined by the different spatial variations of the optically thick helium lines and the optically thin O III line, and hence can depend on the local opacities.
The intrinsic opacities in the cell interior and boundary regions must differ by at least an order of magnitude and would not lead to unique gradients for all the points in an individual scan. This observational result can be accounted for if photons observed from cell interiors originate in the cell boundary regions.
The boundaries are found to be extended in height above the cell interiors, consistent with some earlier studies. While a spherically symmetric approximation is reasonable for photons observed from cell interiors (whether created locally or by scattering), this does not appear to be the case for the cell boundaries, because the O III intensities at θ = 60
• are smaller than expected. The similar ratios of the He I 537-Å and He II 304-Å intensities at Sun-centre and θ = 60
• show that these lines have very similar optical depths, as found also by .
The results of using a simple model to investigate the consequence of photon scattering into cell interiors do not reveal any inconsistencies with the full range of observations used. There is no dispute that the helium lines are on average optically thick, so, depending on the geometry, photon scattering is expected. The important mean free path in the envisaged scattering is that for the region between the boundaries and the cell interiors, over which we estimate that the lines will be optically thin. Scattering would then occur off any structures in or above the cell interior transition regions that contain sufficient He I and He II. Finally, the lack of an oscillation signature in the intensity of the He I 584-Å line, but its presence in Doppler shifts, discussed by provides strong evidence of scattered photons.
On balance, we conclude that scattering effects play an important role in accounting for the variation of the helium line intensities between cell boundaries and cell interiors, and that this is not caused entirely by a spatially varying intensity enhancement mechanism. Quantitative predictions now need to be made using three-dimensional radiative transfer calculations in model geometries.
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